Background. Reductions in the size of the corpus callosum (CC) have been described for schizophrenia patients, but little is known about the possible regional differences in schizophrenia subtypes (paranoid, disorganised, undifferentiated, residual). Methods. We recruited 58 chronically schizophrenic patients with different subtypes, and 31 age-and-gender matched healthy controls. The callosum was extracted from a midsagittal slice from T1 weighted magnetic resonance images, and areas of the total CC, its five subregions, CC length and total brain volume were compared between schizophrenia subtypes and controls. Five subregions were approximately matched to fibre pathways from cortical regions. Results. Schizophrenia patients had reduced CC total area and length when compared with controls. Disorganised and undifferentiated schizophrenics had a smaller prefrontal area, while there was no significant difference for the paranoid and residual groups. The premotor/ supplementary motor area was smaller in all schizophrenia subtypes. The motor area was smaller only in the disorganised group. A smaller sensory area was found in all subtypes except the residual group. Parietal, temporal and occipital areas were smaller in the paranoid and undifferentiated groups. Total brain volume was smaller in all schizophrenia subtypes compared with controls, but did not reach statistical significance. Conclusion. These findings suggest that the heterogeneity of symptoms may lead to the different CC morphological characteristics in schizophrenia subtypes.
ARTICLE
The corpus callosum (CC) is known to be the largest white-matter fibre tract in the brain. It connects the two cerebral hemispheres and facilitates interhemispheric communication. [1, 2] The CC has been strongly implicated as an anatomical mediator of dysfunctional interhemispheric transfer in schizophrenia [3] and a number of psychiatric disorders, including bipolar affective disorder, depression, [4] antisocial personality disorder, [5] post-traumatic stress disorder, [6] autism [7] and attention deficit hyperactivity disorder. [8] Rosenthal and Bigelow [9] first drew attention to an increased thickness of the CC in postmortem brains of schizophrenia patients. Later, in neuroimaging studies, CC size was found to be increased, [10] decreased [11] or unaltered [12] compared with healthy controls. In a meta-analysis of 28 magnetic resonance imaging (MRI) studies carried out by Arnone et al., [13] they found that schizophrenia patients seem to show a reduction in CC area. [13] The inconsistent findings may be a consequence of possible confounding factors, including age, [14] handedness, [15] gender, [16] chronicity of illness [17, 18] and differences in CC partitioning schemes employed by the different studies. [19, 20] In addition, it was suggested that it may also be owing to the heterogeneity in symptom profiles. [12, 18] Schizophrenia is characterised by large heterogeneity, [12, 18] and subtypes of schizophrenia may differ in neuroimaging-based measures of brain morphology. [21] Therefore, we planned to examine CC size on the basis of clinical subtype in schizophrenia, and we recruited the four subtypes of schizophrenia patients (paranoid, disorganised, undifferentiated and residual) who had different illness durations but were matched in age, sex and handedness. We hypothesised that the size of the CC may be different in the different subtypes of schizophrenia.
Objective
The objective of the current MRI study was to determine whether there were any differences in length and area of the CC among schizophrenia subtype patients and healthy subjects. Examining the association between schizophrenia subtypes and the size of the CC is likely to deepen our understanding of the pathophysiology of schizophrenia.
Magnetic resonance imaging study of corpus callosum abnormalities in patients with different subtypes of schizophrenia
Methods

Patients
The study included 58 outpatients and inpatients with schizophrenia, comprising 44 males and 14 females (aged 18 -50 years), who were seen in the Department of Psychiatry of Afyon Kocatepe University. All patients were diagnosed with schizophrenia according to the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (text revised) (DSM-IV-TR) [22] on the basis of a clinical interview. Diagnosis of schizophrenia was established by two senior psychiatrists. Patients were divided into four groups according to DSM-IV-TR criteria: paranoid (n=17); disorganised (n=14); undifferentiated (n=20); and residual (n=7). The severity of psychotic symptoms was assessed using the positive and negative syndrome scale (PANSS), whose validity and reliability studies for the Turkish version were carried out by Kostakoglu et al. [23] 
Controls
There were 31 normal healthy controls matched in age and sex (aged 23 -62 years), comprising 22 males and 9 females, with no personal history of psychiatric illness or family history of psychosis, medical⁄neurological condition requiring regular medications or current exposure to psychotropic medications. They were screened with the non-patient version of the Structured Clinical Interview for DSM disorders (SCID). [24] 
Exclusion criteria
Exclusion criteria for both groups were lefthandedness, concurrent or previous DSM-IV-TR axis I disorder, a history of head trauma with loss of consciousness, a current medical illness (e.g. diabetes mellitus, hypertension or asthma) or known neurological disease, a lifetime history of substance dependence, or a history of any substance abuse or psychotic disorders in their first-degree relatives.
Only right-handed subjects as determined by the Oldfield handedness questionnaire [25] were included because handedness is an important factor that affects CC size. [26] 
Ethics approval
The study protocol was approved by the local ethical committee. All subjects provided written informed consent after receiving an explanation of all relevant information related to study participation.
Imaging procedures
A 1.5 T Philips Intera Magnetic Resonance unit (Philips Medical Systems, The Netherlands) was used to obtain a set of T1 weighted sagittal scout images (TR = 500 ms; TE = 15 ms; FOV = 23 cm, slice thickness 5 mm; number of exitations = 2; matrix size = 256 × 256). The full sagittal series was reviewed, and on the consensus of two trained researchers who were blind to the study hypotheses, group assignments and subject identities, the correct slice was selected using the internal midsagittal landmark criteria of Woodruff et al. [17] The landmarks to identify the correct slice on the midline sagittal slice were: (i) a distinct outline of the CC; (ii) no white matter or only minimal white matter in the cortical mantle surrounding the CC; (iii) the interthalamic adhesion; and (iv) a transparent septum and visibility of the aqueduct of Sylvius. [17] Segmentation and measurement of the CC area
The CC was manually traced following its edge on the midsagittal slice of T1 images, where its structure appeared most remarkable. Anatomical measurements were conducted on the Aquarius Workstation using the AquariusNET program (TeraRecon Inc., USA). Morphometric measurements of the CC were conducted according to the same methods reported by Hofer and Frahm. [27] Firstly, a line was drawn connecting the most anterior point of the genu with the most posterior point of the splenium, providing the overall callosal length. Subsequently, the traced CC was divided into five vertical partitions and each area was measured, as defined by Hofer and Frahm [27] (Fig. 1) . The total and subregion areas and the maximum anteriorto-posterior length of the CC were measured. Fig. 1 . Scheme, modified from Hofer and Frahm: [27] All callosal areas were expressed in square centimetres and length was expressed in centimetres. Total brain volume (gray and white matter plus cerebrospinal fluid) was also computed by the same raters to use as a covariate in order to minimise the effect of global brain size differences.
ARTICLE
Inter-and intra-rater reliability were assessed using intra-and interclass correlation co-efficients on 10 randomly selected images. Intraclass correlation was 0.96 and 0.97 for the tracers. The intraclass correlation of intracranial brain volumes (ICVs) was 0.98. All these values are well within acceptable limits.
Statistical analyses
All statistical analyses were conducted via SPSS for Windows software, version 20.0 (SPSS Inc., USA). The two-tailed statistical significance level was set at p<0.05. Data were expressed as mean (standard deviation) values. The callosal measurement variables were observed to be in normal distribution, and homogeneity of variances were assumed to be equal according to the Shapiro-Wilk test. One-way analysis of variance (ANOVA) testing was used to compare CC length and total and subregional CC areas among the schizophrenia groups, and Tukey's b test results were used to determine post-hoc analysis. An independent sample t-test was used to define differences in CC measurements and ICV between total schizophrenia patients and controls. Pearson correlation co-efficients were used to examine the relationship between callosal measurements and age variables in all groups, and an independent sample t-test was used to define differences in CC measurements between the two gender groups. The correlations between age and CC measures were computed separately for each group.
Results
Participants
Demographic and clinical variables are presented in Table 1 . There were no significant differences between patients and controls in age, sex or ICV. Patient and control groups had proportionally more males. All subjects were right-handed as assessed by the Oldfield handedness questionnaire. [25] There was no significant relationship between age and any callosal measure for the whole subject sample or for subgroups (male or female, healthy controls or patients) (Spearman correlation co-efficient, p>0.05). There was also no significant relationship between gender and callosal measures in patient and control groups.
In all groups of subjects, increasing age was associated with decreased CC area, but no significant relationship was determined between age and CC size (r=0.09; p=0.63). Also, there was no correlation determined between CC measures in the schizophrenia group (r=0.25; p=0.2). Total brain volume was smaller in total schizophrenia patients compared with healthy controls, but did not reach statistical significance (r=0.06; p=0.11). Therefore, we did not include age, gender or total brain volume as confounding factors, since there were no correlations between CC areas and sex or age.
Global CC
All schizophrenia patients were found to have smaller total subregional CC area and length compared with healthy groups (Table 2 ). There were no significant differences between schizophrenia subgroups in global CC area measurements among all schizophrenia patients. Furthermore, in all schizophrenia patients, the maximum anterior-to-posterior CC length was significantly smaller than in the healthy group (p<0.001). In addition, only the undifferentiated group had smaller length compared with the control group when comparing schizophrenia subgroups and the control group. Table 3 displays the raw midsagittal CC area and length measurements for each of the five groups: paranoid, disorganised, undifferentiated, residual and control, and Fig. 2 shows the significant group differences observed in each of the five subregions of the CC. 
Subregional differences in the CC structure
CC1
Subregion CC1 was significantly smaller in the disorganised and undifferentiated schizophrenia group than in healthy controls (p=0.003, p=0.006, respectively). However, the CC1 area did not differ in paranoid and residual groups compared with the control group (p>0.05).
CC2
All schizophrenia groups (paranoid, disorganised, undifferentiated, residual) had a smaller sized callosal subregion CC2 than the control group (p=0.007, p=0.003, p=0.030, p=0.030, respectively). In addition, CC2 was the only area that was smaller in all groups compared with healthy controls.
CC3
Subregion CC3 was smaller for only the disorganised schizophrenia group compared with healthy controls (p=0.01). No significant differences were found between other schizophrenia groups and controls (p>0.05).
CC4
Subregion CC4 was smaller in the paranoid, disorganised and undifferentiated schizophrenia groups compared with healthy controls (p=0.01, p=0.04, p=0.04, respectively). There was no significant difference in the CC4 area in the residual group (p>0.05).
CC5
Subregion CC5 was smaller in paranoid and undifferentiated schizophrenia groups compared with healthy controls (p=0.05, p=0.007, respectively). Other comparisons of groups were not significant (p>0.05). In both patients and controls, no correlation was detected between PANSS scores and CC subregion volume.
Discussion
In the present study, we found that: (i) righthanded schizophrenia patients of different subtypes had significant differences in specific regional callosal measures; (ii) schizophrenia patients showed a smaller global CC area compared with healthy controls; and (iii) patients with undifferentiated schizophrenia had a smaller CC length in comparison with both healthy controls and other schizophrenia groups. Abnormally small areas of total CC and its subregions were found in a sample of four different subtypes of chronic schizophrenia patients, suggesting decreased density in white matter tracts in these specific callosal subregions. Therefore, schizophrenia patients may have connectivity disturbances between specific cerebral hemispheric regions and, as a result, show a heterogeneity in symptoms and different diagnostic criteria. Monkey and human studies suggest a topo graphic mapping of cortical areas to specific CC regions, with prefrontal, premotor and motor fibres crossing through the rostral half, and parietal, temporal and occipital lobe fibres crossing through the caudal half of the CC. [28] [29] [30] These studies also indicate that the fibre composition differs according to the cortical regions connected. Highly myelinated, fast-conducting, large-calibre fibres connect primary and secondary sensory and motor areas, and poorly myelinated, small-calibre and slowly conducting fibres connect homologous prefrontal and temporoparietal association areas. [31, 32] A great deal of literature has reported a reduction in CC area in schizophrenia patients and suggested an association between CC abnormalities and the occurrence of schizophrenia. [11, 13, 14] However, previous studies have found no differences in CC area regarding age, gender, course of illness or handedness in schizophrenia patients. [14, 33, 34] A recent MRI study of the CC using different methodologies suggested that age, sex and clinical status may affect the shape of the CC in schizophrenia patients. [35] In our study, we found significant differences in the areas of CC subregions among schizophrenia subtypes. Similar to our findings, in a previous study it was suggested that neuroanatomic measures in the brain may be different among schizophrenia subtypes. [36] However, total and subareas of CC were not related to illness duration or illness severity in subtypes of schizophrenia in this study. Whitford et al. [37] found that measures of CC size were related to severity of psychotic symptoms in schizophrenia patients, which is inconsistent with our result. Walterfang et al. [38] found a reduction in the anterior genu region (prefrontal region) of the CC in first-episode schizophrenia patients, whereas reductions were also found in other regions of the CC connecting cingulate, temporal and parietal cortices in chronic schizophrenia patients. It seems that the changes of CC size in schizophrenia are more complex with confounding factors.
To our knowledge, this is the first study demonstrating the existence of structural abnormalities in all regions of the CC in different subtypes of schizophrenia. In our study, a specific objective was to examine the CC area in patients with schizophrenia subtypes, and we suggest that one of the ways to reduce the inconsistency of results is to focus specifically on groups and analyse region-specific differences in CC area. Our four patient groups and our control group were matched in age, sex and handedness. As mentioned above, this is important since these factors affect the CC area.
Another reason for discrepant results might be the parcellation of the CC. Older structural neuroimaging research on the CC was commonly based on classification criteria suggested by Witelson, [39] which divides the CC into seven subdivisions using criteria based on the results of experimental work with monkeys and humans. In our study, we compared the CC areas of schizophrenia patients with controls using a novel scheme proposed by Hofer and Frahm, [27] who used diffusion tensor imaging, and their partitioning scheme exactly mirrors the texture of the CC at the cellular level. Also, we used a manual method while tracing the CC, which has been the most frequently used method in clinical studies of CC morphometry for years. [40] More recent studies also used automated measurements of the human CC using MRI. However, in a study presenting a threedimensional method for segmenting the CC in normal subjects and brain cancer patients with glioblastoma, researchers compared automatic and manual segmentation methods and obtained similar results with the two methods.
[41] Also, Dewey et al. [40] found a strong correlation between manual and automated techniques in many structures measured in the brain. Furthermore, a study that tested the ability of conventional manual segmentation and two automatic segmentation methods for measuring hippocampal volume found that the manual method was more sensitive than both automated methods, and suggested that manual segmentation should still be used as the standard technique for volume measurements. [42] Furthermore, most of the automatic techniques are not completely automated and require manual intervention to outline the callosal boundaries. [43] The disadvantages of the manual method are: (i) results can be influenced by factors such as anatomical protocols, tracer experience, scan acquisition parameters and image quality; (ii) some authors consider that manual tracings are time consuming, but we think that this depends on the examined structure's complexity, and the CC is not a complex structure for tracing. Nevertheless, we consider that manual methods may be impractical in large cohort studies.
In accordance with the scheme proposed by Hofer and Frahm, [27] we distinguished five vertical partitions of the CC: region I, the anteriormost sixth of the CC, contains fibres projecting into the prefrontal region; region II, which is the remainder of the anterior half of the CC, contains fibres projecting to the premotor and supplementary motor areas; region III is defined as the posterior half minus the posterior-most third and comprises fibres projecting into the primary motor cortex; region IV, the posterior one-third minus the posterior one-fourth, contains fibres projecting to primary sensory cortices; and region V is defined as the posterior one-fourth of the CC, and contains fibres projecting to the parietal, temporal and occipital cortex.
The prefrontal cortex is a large area of the brain that takes up most of the frontal lobes in the right and left hemispheres. This part of the brain is highly developed in humans and gives us much of our intelligence and problem-solving ability. The prefrontal cortex plays a role in the regulation of complex cognitive, emotional and behavioural functioning, and has the ability to process both the current environment and past memories. [44] Brazo et al. [45] showed that there is a distinct cognitive impairment among subtypes of schizophrenia. In the current study, we found that the area of the CC1 (prefrontal area) was smaller in the disorganised and undifferentiated schizophrenia group than in the normal controls. We therefore hypothesise that patients with disorganised and undifferentiated schizophrenia have more affected cognitive functions than other schizophrenia subtypes. Also, our analysis showed that the prefrontal cortex was not affected in paranoid schizophrenia patients. This is in line with the findings of Goldstein et al., [46] who described that paranoid schizophrenia patients tend to be more cognitively intact than patients with undifferentiated and residual subtypes of schizophrenia. Thus, we hypothesise that cognitive function of paranoid schizophrenia patients resembles that of healthy people. The premotor cortex is a narrow area between the prefrontal and motor cortices. It projects directly to the spinal cord and may therefore play a role in the direct control of behaviour. It is involved in preparing and executing limb movements, and co-ordinates with other regions to select appropriate movements. In addition, the supplementary motor area is more involved in internally generated planning of movement, the planning of sequences of movement, and the co-ordination of the two sides of the body, such as in bimanual co-ordination movements. [47] All schizophrenia patients were associated with smaller areas of CC2 (premotor area), and the CC2 area was the only area that was smaller in all schizophrenia patients. Our findings are in line with previous studies that reported that the premotor cortex is the main disconnected area in patients with schizophrenia. [48] The primary motor cortex works in association with other motor areas to plan and execute simple movements. In the current study, we found that the area of the CC3 (motor area) was smaller in only the disorganised schizophrenia group compared with the normal controls. It is known that someone with disorganised schizophrenia will often have difficulties performing daily routine tasks, such as brushing their teeth, showering and dressing. Consequently, our findings may explain the difficulties of motor activities in disorganised schizophrenia patients who have a small CC3 area.
The primary somatosensory cortex is the main sensory receptive area for the sense of touch. In the current study, the CC4 (sensorial) area was found to be markedly smaller in all study patients except for those with the residual type of schizophrenia. In addition, the CC5 area, which contains fibres projecting to the visual and auditory cortex, was smaller in paranoid and undifferentiated schizophrenia patients. This is in line with the findings of Fukuzako et al., [21] who described that undifferentiated subtypes have greater impairment in neuronal integrity or function in the temporal lobe than patients with other subtypes of schizophrenia. [21] In a functional MRI study, Simons et al. [49] reported that hallucinations are associated with abnormal brain activity in sensory areas. According to our data, in the residual group, the CC2 (premotor) area was the only affected area and the areas of the other four parts was not different from healthy subjects. This finding explains the lack of prominent positive symptoms (delusions and hallucinations) that are associated with sensory areas in residual schizophrenia. [50] Our study was conducted using DSM-IV-TR criteria. As is known, schizophrenia subtypes have been removed from DSM-V (DSM, 5th edition). It is suggested that these subtypes are not useful to clinicians because patient symptoms often change from one subtype to another, and present overlapping subtype symptoms. [51] However, many studies have shown that schizophrenia is a heterogeneous pathophysiological disorder and its symptoms may be different at the biological level [52] and be associated with radiological abnormalities. [53] This study confirms that schizophrenia symptoms may play a potential role in differences in CC size.
Study limitations
Firstly, our sample size was small. Secondly, prior treatment of patients, which may change brain tissue volume, may be an issue. [54] Further studies with larger numbers of subjects who are free from antipsychotic medication are needed to overcome these limitations.
Conclusion
We found that CC area is significantly reduced in schizophrenia patients, and that this differs among schizophrenia subtypes. Further studies are needed to support our preliminary results about the relationship between CC area and the clinical characteristics of schizophrenia.
